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The TIP49a and TIP49b proteins belong to the family
of AAA+ ATPases and play essential roles in vital
processessuchas transcription,DNA repair, snoRNP
biogenesis, and chromatin remodeling.We report the
crystal structure of a TIP49b hexamer and the
comparative analysis of large-scale conformational
flexibility of TIP49a, TIP49b, and TIP49a/TIP49b
complexes using molecular modeling and molecular
dynamics simulations in a water environment. Our
results establish key principles of domain mobility
that affect protein conformation and biochemical
properties, including a mechanistic basis for the
downregulation of ATPase activity upon protein
hexamerization. These approaches, applied to the
lik-TIP49b mutant reported to possess enhanced
DNA-independent ATPase activity, help explain how
a three-amino acid insertion remotely affects the
structure and conformational dynamics of the ATP
binding and hydrolysis pocket while uncoupling
ATP hydrolysis from DNA binding. This might be
similar to the effects of conformations adopted by
TIP49 heterohexamers.
INTRODUCTION
Within the broad AAA+ (ATPases Associatedwith diverse cellular
Activities) superfamily, TIP49a and TIP49b form a taxonomic
cluster that is singularly distant from other members, suggesting
that these essential proteins possess unique properties (Ammel-
burg et al., 2006). TIP49 proteins are conserved through evolu-
tion and related to each other by sharing, in the case of human
TIP49a and TIP49b, 42% identity. Despite this level of identity,Structure 20, 1321TIP49 proteins exert different and often nonoverlapping molec-
ular functions in vivo (Huen et al., 2010). Available data suggest
that, at the molecular level, TIP49 proteins form oligomers
ranging from dimers to dodecamers (Cheung et al., 2010; Gribun
et al., 2008; Ikura et al., 2000; Niewiarowski et al., 2010; Puri
et al., 2007; Torreira et al., 2008) and slowly unwind DNA in an
ATP-dependent manner (Gorynia et al., 2011; Gribun et al.,
2008; Papin et al., 2010; Wang et al., 2011). These properties
might be important to bring about the conformational changes
presumably required for a broad variety of biological processes
including DNA repair, chromatin remodeling, histone exchange
reactions, telomerase holoenzyme assembly, mitotic spindle
formation, snoRNP biogenesis, and as yet unknown cellular
pathways (Grigoletto et al., 2011; Huen et al., 2010; Jha and
Dutta, 2009).
The crystal structure of hexameric TIP49a bound to ADP has
been solved by Matias et al. (2006). TIP49a monomers contain
14 a helices, 16 b strands, and two 310 helices and are organized
into 3 structural domains: D1 (mostly N terminal), D2 (imbedded
within the primary sequence of D1), andD3 (C terminal). Domains
D1 and D3 form an ATP binding and hydrolysis module charac-
teristic of the classical AAA+ fold and provide intersubunit inter-
faces involved in oligomerization (Erzberger and Berger, 2006;
Matias et al., 2006). The central channel of the hexamer has a
diameter of about 18 A˚ and is thought to be capable of accom-
modating a translocating single- but not double-stranded DNA
molecule. Both TIP49a and TIP49b contain conserved Walker
A and Walker B motifs involved in ATP binding and hydrolysis.
Despite the presence of these important structural elements,
the DNA-dependent ATPase activity of TIP49 proteins was
found to be very low (Gribun et al., 2008; Papin et al., 2010)
but increased in heteromeric complexes (Gorynia et al., 2011;
Ikura et al., 2000; Puri et al., 2007). Weak ATPase activity can
be attributed to very low ADP solvent accessibility in the protein
active site, preventing its exchange with ATP within the TIP49a
hexamer (Matias et al., 2006). More recently, the report of
the crystal structure of mixed TIP49a/TIP49b heterohexamers–1331, August 8, 2012 ª2012 Elsevier Ltd All rights reserved 1321
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et al., 2006) have helped uncover details of the complexes at
atomic resolution. These results show that TIP49a and TIP49b
can substitute for one another within multimeric complexes
without significant distortion of neighboring protein subunits.
In TIP49 proteins the Walker A and B boxes are separated
by the insertion of the 170 amino-acid (aa) D2 domain. The 3D
structure of TIP49a reveals that this insert is folded as a distinct
structural domain, which protrudes out of the hexameric ring
and is connected to D1 via two flexible antiparallel b sheets
(Matias et al., 2006). Although D2 shows no significant sequence
similaritywith other domains available in protein databases, parts
of the TIP49a D2 sequence spanning residues 121–295 are
structurally organized as an OB-fold domain (Oligonucleotide/
oligosaccharide Binding) found in proteins involved in various
aspects of nucleic acid metabolism (Murzin, 1993; Theobald
et al., 2003; Walbott et al., 2010). In the case of human TIP49a,
the OB-fold domain was also suggested to be involved in nucleic
acid binding (Matias et al., 2006). However, the loops of the
OB-fold structure that are likely responsible for direct contacts
with DNA are unresolved in the available TIP49a structure.
The OB-fold of TIP49b is a target for the recessive liebeskum-
mer mutation that causes embryonic lethality in zebrafish as
a result of cardiac hyperplasia and consequent heart failure
(Rottbauer et al., 2002). This mutation (lik-TIP49b) arises from
abnormal splicing between exons 7 and 8, resulting in the in-
frame insertion of three amino acids, Phe-Cys-Arg (FCR), bet-
ween the conservedG190 andD191 residues of TIP49b. Isolated
lik-TIP49b-containing complexes showed enhanced and DNA-
independent ATPase activity compared to the wild-type protein
as well as an altered pattern of oligomerization (Rottbauer et al.,
2002). To our knowledge, how the OB-fold within the D2 domain
can impact on the structure and properties of the ATP binding
and hydrolysis pocket formed by the D1/D3 interface has re-
mained uninvestigated.
Most proteins function as dynamic systems in aqueous
solution, and their biologically relevant domain mobility can be
described as a movement of quasi-rigid structural units (Berend-
sen and Hayward, 2000; Hayward, 1999; Lange and Grubmu¨ller,
2006, 2008; Lee et al., 2003). Molecular dynamics (MD) simula-
tion in a periodic water box is a powerful tool to investigate
such large-scale protein motion at atomic resolution and can
provide important information on a protein’s mechanism of
action. Using this approach, domain mobility can be described
as the relative hingingmotion of structural units around a spatially
defined rotation axis. Analysis of such movements, which often
involve the conformational change of only a few functionally
important residues, provides a valuable resource for elucidating
key principles of protein dynamics in solution (Hayward, 1999;
Tyka et al., 2011).
We have analyzed the large-scale domain movements of
TIP49a, TIP49b, and lik-TIP49b proteins inmono- and hexameric
assemblies using molecular modeling and MD simulations. All
follow similar key principles of conformational changes, whereby
major movements are associated with the D2 domain and the
C-terminal a helices of the D3 domain. In both mono- and hex-
americ assemblies, the D2 domain of TIP49a and TIP49b is
highly flexible and does not maintain a single native conforma-
tion. This is largely confirmed by comparing all-atom models1322 Structure 20, 1321–1331, August 8, 2012 ª2012 Elsevier Ltd Alwith the crystal structure of D2 domain deletions of TIP49b hex-
amers bound to ADP. The lik-TIP49b protein, however, shows an
enhanced mobility of the OB-fold, collapse of the unstructured
L2 loop, and unexpectedly, an increased mobility of the aa
residues located at the intramolecular D1/D3 interface that
forms the ATP-binding pocket. In hexamers the FCR-containing
OB-folds tend to form stable intersubunit structures that most
likely affect DNA binding by lik-TIP49b. Our results provide a
rational structural and mechanistic basis for the biochemical
properties of lik-TIP49b and suggest how its FCR insertion,
which remotely affects functionally important domains of the
protein, can impact both its intrinsic ATPase activity and its rela-
tive independence from DNA binding. Finally, we have extended
these studies to all-atom TIP49a/TIP49b heterohexamers, allow-
ing for important comparisons with reported heterohexameric
structures that lack the OB-fold.
RESULTS
All-Atom Models of TIP49 Proteins
To investigate the large-scale conformational flexibility of TIP49
proteins, we first built all-atom models of monomeric and
hexameric forms based on the crystal structure of TIP49a
(PDB 2C9O) and the available NMR structure of a fragment of
TIP49b (PDB 2CQA). Conformations of unstructured loops
were calculated using the standard ICM-Pro protocols for loop
modeling with fixed termini, yielding a variety of alternative
conformations for aa residues absent in the crystal structures.
The resulting lowest-energy loop structures of TIP49a are shown
in Figure 1A. The unstructured L1 loop (residues 142–155) within
the OB-fold adopts a b-hairpin conformation, in good agreement
with the NMR structure of the OB-fold of TIP49b (see Figure S1
available online). The lowest-energy conformation of L2 (resi-
dues 248–275) was found to be a flexible structure containing
two a helices separated by a loop. Because TIP49 proteins share
42% sequence identity, the TIP49b structure was homology
modeled using TIP49a model as a template (Figure 1B). The re-
sulting structures were used as initial conformations for further
MD simulations of TIP49a and TIP49b proteins in mono- and
hexameric form.
The Structure of TIP49b Hexamers Lacking OB-Folds
We next compared our homology-based TIP49b models with
their hexameric crystal structure (PDB 3UK6) obtained using
a truncated mutant lacking the OB-fold domain (TIP49bd2,
a deletion of residues 131–241 replaced by the linker AGA, Fig-
ure 1C; see Table 1 and Experimental Procedures). The spatial
arrangement of the D1 and D3 domains showed a good correla-
tion between crystal and all-atom models, yielding a C-a root-
mean-square deviation (RMSD) value of 2.1 A˚, which decreased
after 30 ns MD simulations (see below).
The TIP49bd2 crystal structure shows that the conformations
and relative dispositions of the D1 and D3 domains of TIP49b in
the hexamer are very similar to those reported for TIP49a (Matias
et al., 2006) and the mixed TIP49a/TIP49b heterohexamer (Gor-
ynia et al., 2011). However, our structure and results of molecular
modeling highlight an important exception: the last eight amino
acids of the C-terminal-most a helix, which exhibit an extended
conformation in the mixed hexamers, are unstructured inl rights reserved
Figure 1. Spatial Structures of TIP49a and TIP49b Proteins
(A) The crystal structure of TIP49a (Matias et al., 2006) is illustrated. The D1,
D2, and D3 domains are shown in blue, red, and green, respectively.
Unstructured L1 and L2 loops (shown in gray) were reconstructed using the
loop-modeling tools of ICM-Pro. The dotted rectangle shows the OB-fold. The
ADP molecule located at the D1/D3 interface is shown (Matias et al., 2006).
(B) The homology-based spatial structure of TIP49b is presented. FCR indi-
cates the position of insertion of the FCR triplet within the OB-fold of lik-
TIP49b. The N-terminal a helix of TIP49b (residues 1–21) is shown in gray color.
(C) Superposition of the ADP-bound TIP49b crystal structure (shown in yellow;
PDB 3UK6) on the all-atom homology model of TIP49b used in this study is
demonstrated. Front and back views are shown on the left and right sides,
respectively. The N-terminal a helix of the all-atom TIP49b model structure is
not shown. Unresolved parts of TIP49b are shown as green dotted lines.
Graphics were produced using the ICM-Pro software package.
See also Figures S1 and S2.
Table 1. Data Collection and Refinement Statistics
Space Group P21
Unit cell a = 113.07 A˚ b = 186.28 A˚
c = 129.86 A˚ a = 90.000
b = 108.953 g = 90.000
Resolution (A˚) 43.19–2.95 (3.0–2.95)a
Total no. of reflections 344,907
No. of unique reflections 103,557
Redundancy (%) 3.3 (3.3)
Completeness (%) 97.0 (99.2)
<I>/<s(I)> 16.74 (1.9)
Rmerge
b (%) 5.5 (69.3)
Refinement
No. of protein atoms 22,540
No. of ADP atoms 322
Rcyst
c/Rfree
d (%) 24.23/26.45
Estimated coordinate error from
a Luzzatti plot (A˚)
0.6
Overall B factors (A˚2)e 91/91/90.0
Deviations from Ideal Stereochemistry
RMSD bonds (A˚) 0.01
RMSD angles () 1.15
Wilson B factor (A˚2) 88.87
Ramachandran Plot Analysisf
Most favored (%) 98.00
Disallowed (%) 0.27
aValues in parentheses are for the highest resolution shell (3.0–2.95).
bRmerge= S(jIi <I>j)/S(<I>), where the sum is calculated over all observa-
tions of a measured reflection (Ii), and <I> is the mean intensity of all the
measured observations (Ii).
cRcryst = S (jFobs  Fcalcj)/ S (Fobs), Fobs are the observed structure factor
amplitudes and Fcalc those calculated from the model.
dRfree is equivalent to Rcryst but where 5% of the measured reflections
have been excluded from refinement and set aside for cross-validation
purposes.
eAverage B values for all atoms/protein/ADP.
fRamachandran plot analysis was performed using MolProbity.
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Large-Scale Domain Dynamics of TIP49 ProteinsTIP49bd2. In TIP49b/TIP49a heteromeric interfaces the long
C-terminal a helix of TIP49b is in direct contact with the
C-terminal a helix of the adjacent TIP49a protomer, a configura-
tion that is stabilized by interactions between a series of nega-
tively charged residues of TIP49b (E454, E458, and D461) with
positively charged residues of TIP49a (K441 and K445). In the
case of the TIP49a/TIP49b interfaces, these interactions cannot
occur because neutral S437 and Q441 residues of TIP49b
replace K441 and K445. In addition the C-terminal helix of
TIP49a is truncated at position 456 and lacks the negatively
charged C-terminal series of Glu and Asp residues found in
TIP49b. Of note is the observation that, in our MD simulations,
the C-terminal-most TIP49a a helix can adopt alternative low-Structure 20, 1321energy conformations, forming contacts with the E293 and
K297 residues of the D3 domain as well as with the L365 and
Y366 residues of the short loop connecting the D1 and D3
domains. These are likely to act as a hinge controlling the rota-
tion of D3 and opening the ATP-binding site of the neighboring
protomer.
The disposition of the flexible L2 loop (residues 248–275)
differed between the TIP49bd2 crystal structure and the all-
atom model built by homology with the TIP49a X-ray structure.
L2 residues 251–253 and 268–275 were found to be in close
contact with D1 (residues 113 and 117). This spatial arrangement
is sterically precluded in the TIP49b model by the N-terminal a
helix (residues 1–21), which forms many favorable interactions
with the D1 domain in both TIP49a and TIP49b. This region is
substantially disordered in the majority of monomers within the
crystal structure and, at best, can only be resolved from residue
7 onward, where residues 7–21 adopt a largely extended confor-
mation, contrary to themodel and TIP49a coordinates. However,–1331, August 8, 2012 ª2012 Elsevier Ltd All rights reserved 1323
Figure 2. Effects of the FCR Insertion of lik-TIP49b
The effect of the FCR insertion on the OB-fold structure of lik-TIP49b (B)
compared to the wild-type protein (A) is illustrated. The FCR insertion shown in
red has been added to human TIP49b and is referred to as lik-TIP49b hereafter.
Hydrogen bonds discussed in the text are shown as dotted lines. Because of
a discrepancy with reported sequences (see http://www.uniprot.org/uniprot/
Q9Y230), residues are numbered according to the UniProtKB database. See
also Figure S2.
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a helix and L2 (residues 250–273) of TIP49b are highly flexible.
Accordingly, the N-terminal a helix could be displaced during
the crystallization procedure, which is substantially longer than
our 30 ns simulation time, and deletion of residues 131–241
may also impact on this region. Despite these differences,
comparison of the crystal structure of hexameric TIP49bd2
with our homology-based data strongly supports the all-atom
models of TIP49 proteins used in our study and which the anal-
yses described below are based on.
Modeling of the lik Mutation of TIP49b
The lik mutation of zebrafish TIP49b serves as an important
model for assessing the relationship between structural features
and biological effects (Rottbauer et al., 2002). Accordingly, we
also modeled lik-TIP49b by inserting FCR aa residues between
the conserved G190 and D191 in the OB-fold domain of human
TIP49b (Figure 2). In wild-type TIP49b (Figure 2A), this region
adopts a b-turn structure due to the formation of three hydrogen
bonds (H-bonds) involving the main and side chains of D191,
Q188, A189, and K204. This structure is further stabilized by1324 Structure 20, 1321–1331, August 8, 2012 ª2012 Elsevier Ltd Altwo H-bonds between the main chains of S208, G190, and
R211 (Figure 2A), resulting in the formation of a total of five
H-bonds in this region. The FCR insertion (Figure 2B) leads to
a significant reorganization of the H-bond pattern that stabilizes
this region. In the mutant protein, D194 (corresponding to D191
in wild-type TIP49b) forms four H-bonds with G190, R214 (R211
in wild-type TIP49b), and S211 (S208 in wild-type TIP49b),
respectively; S211 and R214 also interact with each other. The
inserted R193 forms additional H-bonds with D185 and Q188.
As a result, the FCR insertion contributes two additional H-bonds
in this region of the protein, which would be expected to lead to
a local stabilization of the OB-fold structure, a prediction that
could not be made based on an analysis of crystal structures
lacking the OB-fold.
MD Simulations
In the TIP49 homologs the D2 domain (Figure 1) is connected to
the rest of the protein via two flexible antiparallel b sheets. This
feature suggests that D2 might act as an autonomous structural
element with a high degree of flexibility in solution. This hypoth-
esis was next tested using MD approaches. MD simulations of
30 ns were performed using regularized structures of TIP49
monomers and hexamers. The hydration protein model was
placed in a periodic water box containing 50 mM NaCl and
used to generate MD trajectories. The RMSD time courses,
calculated for the C-a atoms of TIP49 proteins and determined
with respect to the first MD frame obtained after solvent equili-
bration, demonstrate that the system became thermodynami-
cally stable after approximately 2 ns of MD (Figure S2). TIP49a
and TIP49b hexamers were subjected to the same in silico treat-
ment and showed similar kinetics of equilibration.
Analysis of MD trajectories showed that secondary structure
and overall fold topology were largely preserved in both proteins,
either in mono- or hexameric form. The average backbone
C-a atom RMSD showed a significantly higher backbone flexi-
bility of monomers compared to hexamers (RMSD =0.8 versus
0.6 nm, respectively). This is most likely due to stabilization of
the conformation of the D1 and D3 domains of both proteins by
additional interactions between adjacent subunits within the
hexamer. High levels (>0.2 nm) of observed average C-a RMSD
in the protein backbone indicate that TIP49 proteins undergo
conformational changes due to large-scale domain dynamics.
Domain Flexibility in TIP49 Monomers
We next generated local flexibility maps of TIP49 monomers
by calculating the drift of C-a atoms of each residue from their
initial positions and plotting the resulting distances as a function
of MD time (Figure 3). MD data were also used for analysis of
protein large-scale flexibility, including major conformational
transitions, flexible domain boundaries, and hinge and bending
residues involved in this process (Table S1). This analysis illus-
trates the following key principles of TIP49 flexibility. In mono-
mers the D1 domain appears to be themost stable, only showing
enhanced mobility of the N-terminal a helix (Figure 3, top and
middle panels). In contrast the D2 domain is intrinsically flexible
and appears remarkably mobile (Movies S1 and S2 for TIP49a
and TIP49b monomers). The OB-fold, including the L1 loop,
shows unconstrained rotation, whereas the L2 loop shows corre-
lated flexibility and moves as a rigid body. Consequently, the L1l rights reserved
Figure 3. Local Backbone Flexibility of TIP49
Proteins
The local backbone flexibility of TIP49a (top panel), TIP49b
(middle), and lik-TIP49b (bottom) monomers as deter-
mined by 30 ns MD simulations is presented. A schematic
representation of the D1, D2, and D3 domains of TIP49
proteins (colored in blue, red, and green, respectively) is
shown at the top. The color scale bar on the right repre-
sents the drift from the initial spatial position calculated
for each C-a atom. The OB-fold region (indicated by the
bracket) and the L1 and L2 loop positions are shown.
Black vertical rectangles correspond to the Walker A and
B boxes. The D3 region of lik-TIP49b with enhanced
flexibility is indicated by a solid line above themap (bottom
panel). The corresponding aa positions of TIP49b and lik-
TIP49b are shown above and below the line, respectively.
See Table S1 for the conformational analysis of TIP49
protein dynamics. See also Figures 3, S3, and S4, as well
as Movies S1, S2, S3, and S8.
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Large-Scale Domain Dynamics of TIP49 Proteinsand L2 loops of TIP49a and TIP49b move with an amplitude
>2 nm, but the OB-fold structure is retained during the 30 ns
simulation time (Figure S3). Amino acids 130–131 and 229–230
of TIP49a act as bending residues that are responsible for the
23 rotation of theOB-fold domain. The high flexibility of residues
252–277 of TIP49a most probably accounts for their absence in
the crystal structure (Matias et al., 2006). In TIP49b, two dynamic
subregions of D2 appear to be imparted with characteristic
correlatedmovements: residues 134–232 (OB-fold) and residues
251–275 (L2). Bending residues 131–134 and 237–240 (within
the antiparallel b sheets connecting the OB-fold to the rest of
the protein) together with residues 248–252 and 275–276 (con-
necting L2) are responsible for the 30 and 73 rotation of the
OB-fold and L2, respectively. Similar to the constrained motion
of D1, the mobility of D3 is restricted to its C-terminal a helices
in both proteins (439–456 for TIP49a and 435–463 for TIP49b).
The stable four a helices of D3 preserved their structure over
the time course of the simulation, although their relative disposi-
tion was slightly changed due to the elevated flexibility of inter-
connecting loops. Because the ATP-binding site is located at
the interface between the D1 and D3 domains, their relative
rigidity is likely to be an important factor that limits
or modulates the ATPase activity of TIP49 proteins. It is also
important to note the existence of transient direct contacts
formed between the loop spanning residues 207–220 (TIP49a)
and 209–223 (TIP49b) within the OB-fold and the D3 loop
spanning residues 382–383 (TIP49a), and 380–381 (TIP49b).
Because the latter region is likely to be involved in the dynamics
of the ATP binding and hydrolysis pocket, we expect thatStructure 20, 1321–1331, August 8,pocket accessibility could be affected by D2
mobility as well (see Discussion).
D2 Mobility in lik-TIP49b Monomers
We next applied the same approach to the
lik-TIP49b mutation to seek a mechanistic
understanding of its properties and assess the
possible effects of the FCR insertion on over-
all domain mobility and its contribution to
ATPase activity. In monomers the FCR insertionprovides additional H-bonds within the OB-fold of TIP49b (Fig-
ure 2B), stabilizing the aa residues surrounding the mutation
(residues 196–206; Figure 3, bottom panel). This parallels the
decrease of the C-a RMSD from 8.7 to 2.1 A˚ in the neigh-
boring antiparallel b sheet. Importantly, this local stabilization
is accompanied by conformational changes in distant regions
of lik-TIP49b, occurring in the domains that are likely to be
responsible for DNA binding (the OB-fold and its L1 loop
together with the L2 loop), and in the C-terminal part of the
D3 domain.
The FCR insertion significantly affects the main OB-fold
structural element, the a helix formed by residues 175–184 (Fig-
ure 4A). Over 30 ns MD simulations, the N-terminal half of this
a helix unfolds and shifts away from the neighboring b-hairpin
by 5–6 A˚, with an angle of 29. This changes the positions of
the positively charged K177 and K184 residues that are exposed
on the surface in the wild-type protein and may participate
in DNA binding. Displacement of the a helix is accompanied
by a rapid collapse of the unstructured L2 loop, causing it to
move onto the OB-fold (Figure 4A; Movie S3). This change
occurs during the first 10 ns of the MD simulation, the L2
loop of lik-TIP49b being retained close to the OB-fold for up
to 100 ns, the maximal MD time reached during the simula-
tion. The remarkable stability of this structure may be due to
multiple favorable interactions between the OB-fold and L2.
These include H-bond formation between side and main chains
of K177 and G259, T202, K204, and T257 as well as hydro-
phobic contacts formed by the side chains of I179 and L261.
Importantly, no such structures were observed in the wild-type2012 ª2012 Elsevier Ltd All rights reserved 1325
Figure 4. D2 Domain Dynamics of lik-TIP49b
D2 domain dynamics in the lik-TIP49b protein (A) are compared to wild-type
TIP49b (B) as monomers. Initial conformations of the OB-fold and L2 are
shown in turquoise; 10 and 30 ns conformations are shown in yellow. Dotted
arrows show the central axis of the OB-fold a helix (residues 175–184); solid
arrows indicate the direction of the major observed movements.
Figure 5. Surface Dynamics of TIP49 ATP-Binding Pockets
Histograms are shown for TIP49a (black), TIP49b (blue), and lik-TIP49b (red)
monomers over the 30 ns simulation time. For each 10 ps simulation step, the
solvent-accessible surface (SAS) was calculated, and the resulting data were
binned to generate a histogram that was fitted to Gaussian curves using the
following parameters: TIP49a, 6.9 ± 1.6 nm2; TIP49b, 7.0 ± 0.7 nm2; lik-TIP49b,
7.6 ± 1.2 nm2 (mean ± SD). See also Table S2.
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Large-Scale Domain Dynamics of TIP49 Proteinsprotein, the initial position of the OB-fold a helix being well
preserved with respect to the OB-fold b-hairpin during the
30 ns MD simulations (Figure 4B). These observations suggest
that FCR-mediated OB-fold reorganization, together with the
rapid collapse of L2, should affect the DNA-binding properties
of lik-TIP49b.
ATP Binding and Hydrolysis Pocket Dynamics in
Monomers
One notable feature of the lik mutation is its enhanced ATPase
activity (Rottbauer et al., 2002). In our MD simulations the
C-terminal D3 domain of lik-TIP49b is significantly more flexible
(Figure 3, bottom panel; residues 366–466). Because D3 acts as
a lid that covers the ATP-binding pocket and traps ADP (Matias
et al., 2006) (Figure 1), this increased flexibility of the D3 residues
responsible for D1/D3 interface formation might account for the
enhanced ATPase activity of lik-TIP49b. Accordingly, we calcu-
lated the surface of the ATP-binding pocket in the absence of
nucleotide cofactor for all residues having direct contacts with
ADP in the TIP49a crystal structure (17, 18, 20, 38–40, 42, 72–
78, 366, 374, 403–404) and for the corresponding residues of
the wild-type and lik-TIP49b proteins. The solvent-accessible
surface of the ATP-binding pocket of lik-TIP49b was expanded
during the 30 ns simulation time compared to TIP49a and
TIP49b (Figure 5). This suggests that the elevated ATPase
activity of lik-TIP49b could be due to the reduced stability of
the D1/D3 interface, which consequently may increase the rate
of ATP/ADP turnover.1326 Structure 20, 1321–1331, August 8, 2012 ª2012 Elsevier Ltd AlMD of TIP49 Hexamers
Whether mono- or oligomeric assemblies of TIP49 proteins
constitute biologically active species remains to be clearly es-
tablished. Available hexameric structures make it possible to
investigate the features of domain flexibility of TIP49 assemblies
that can be compared to the monomer dynamics illustrated
above. Within oligomeric assemblies, domain movements of
protomers are expected to be constrained because of the
presence of adjacent subunit and intersubunit interactions. We
indeed found this to be the case for TIP49 hexamers (Figures 6
and S4; compare to Figure 3 for monomers). Importantly, com-
parison of the TIP49b structure obtained after 30 ns MD
simulations with the TIP49bd2 crystal structure (see Figure 1C)
showed a significant decrease in C-a RMSD values, from 2.1
to 0.5 and 1.1 A˚ for the D1 and D3 domains, respectively. This
establishes the remarkably high degree of correlation between
our model and the available crystal structures. In TIP49a and
TIP49b, neighboring subunits strongly stabilize the position of
the D3 domain in a conformation that covers the ATP-binding
pocket (Figure S4). This process involves residues 439–456,
which correspond to the C-terminal a helices of D3 and form
the intersubunit interface in TIP49 hexamers. Overall, D3 flexi-
bility was reduced to that observed for the most stable D1
domain (from 25 to 2 A˚), supporting the view that hexamerization
of TIP49 proteins will lead to a downregulation of their ATPase
activity.
D2 domains protrude from the ring structure (Figure 6; Movies
S4 and S5 for TIP49a and TIP49b hexamers) without en-
countering any steric obstacles, and their movement was fully
preserved in wild-type hexamers. MD simulations performed
on TIP49b (Figures 6A and 6B) and TIP49a (Figure S3) confirm
that both hexamers share similar principles of D2 flexibility.
During 30 ns simulations, D2 domains adopt a variety of confor-
mations, visible in the bottom (Figure 6B, left panel) and tilted
side views (Figure 6B, right panel). The OB-fold in the A subunit,
for example, protrudes out of the hexameric-ring assembly. Thel rights reserved
Figure 6. D2 Domain Dynamics in TIP49b Hex-
amers
(A) Initial bottom (left) and side (right) views of the hexamer
are shown.
(B and C) D2 conformations obtained after 30 ns MD
simulations for wild-type TIP49b (B) and lik-TIP49b (C) are
illustrated. The D2 domains of each subunit are annotated
alphabetically and are shown in rainbow colors. Arrows in
thesideviews represent thecentral axisof the ringstructure.
See also Table S1, and Movies S4, S5, and S6.
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Large-Scale Domain Dynamics of TIP49 ProteinsOB-fold of subunit D rotates approximately 180, such that its
b-hairpin adopts an upward orientation relative to the OB-fold
from the opposite subunit A, whose b-hairpin points downward.
Other pairs of opposite subunits showed distinctive arrange-
ments, highlighting the autonomous structural organization of
OB-folds in wild-type TIP49 hexamers. Of note is the distinct
tendency of the D2 domains in TIP49a and TIP49b hexamers
to move toward and away from the oligomeric core, respectively
(compare Movies S4 and S5). These results are summarized in
Table S1.
These results indicate that the D2 domain of wild-type TIP49
hexamers is intrinsically flexible, whereas D1 and D3 retain their
overall spatial structures. Importantly, the L1 and L2 loops of
TIP49a and TIP49b retain a remarkable degree of autonomous
mobility, similar to that in monomers. Additional interactions
between the C-terminal a helices from neighboring subunits
further stabilize the D1/D3 interfaces in hexamers compared
to monomers. This suggests that hexamerization leads to the
stabilization of the D1/D3 interface, most likely resulting in the
complete closure of the ATP-binding pocket. The ensuingStructure 20, 1321–1331, August 8,hindrance of ATP binding and subsequent
release of hydrolysis products would then be
accompanied by a drop in ATPase activity in
TIP49 hexamers (Papin et al., 2010; Puri et al.,
2007).
lik-TIP49b Domain Dynamics in
Hexamers
How does the FCR insertion affect the overall
organization of lik-TIP49b hexameric struc-
tures? We found that the D2 domains of lik-
TIP49b hexamers form a rather stable and
quasi-symmetrical arrangement (Figure 6C). In
the 30 ns structures, protomers are organized
in two separate groups (subunits B, C, D, and
E, F, A; Movie S6). This reorganization is medi-
ated by intersubunit van der Waals contacts
between the OB-fold b-hairpins (L1) from one
subunit (subunit B, for example) with different
structural elements of the adjacent D2 domain
(subunit C). The stable intersubunit OB-fold
interactions may also restrict OB-fold rotation,
which also seems to be affected in lik-TIP49b
hexamers. Indeed, L2 collapse onto the b strand
hinges (residues 134 and 240) located at the
OB-fold boundaries stabilizes lik-TIP49 D2
domains in a conformation that most likelyprecludes DNA binding. The principles of lik-TIP49b hexamer
dynamics revealed by our MD calculations are also consistent
with the known biochemical properties of lik-TIP49b, whose
enhanced ATPase activity is uncoupled from DNA binding (Rott-
bauer et al., 2002).
MD of TIP49 Homo- versus Heterohexamers
We next analyzed domain flexibility and MD of all-atom TIP49a/
TIP49b heterohexameric assembly given the availability of the
TIP49a/TIP49b crystal structure and the known biochemical
properties of this complex (Figure S5; Movie S7). In contrast to
wild-type TIP49 hexamers, TIP49a/TIP49b complexes showed
an asymmetric pattern of interactions between adjacent proto-
mers (Figure 7). Denoting the TIP49a and TIP49b protomers in
these heterohexamers A and B, respectively, D2 domains on
the ABA side (Figure 7A) form multiple intersubunit interactions
between the OB-folds and L2 loops, resulting in restriction of
their movements similar to that seen in lik-TIP49b hexamers.
On the opposite side of heterohexamers, composed of BAB
protomers, unconstrained D2 domain movements were fully2012 ª2012 Elsevier Ltd All rights reserved 1327
Figure 7. Inter- and Intraprotomer Rearrangements within the
TIP49a/TIP49b Heterohexamer
(A) A bottom view of the hexamer after 30 ns simulation time is presented. The
D2 domains of TIP49a and TIP49b are shown in red and yellow colors,
respectively.
(B and C) Residues involved in the contacts between the OB-folds (red) and D3
domains of TIP49b (green) within the heterohexamer (B) and the lik-TIP49b
homohexamer (C) are shown.
See also Figures S5 and S6, Table S2, and Movie S7.
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Large-Scale Domain Dynamics of TIP49 Proteinspreserved during the simulation time. The ABA side also shows
direct contacts between the D2 and D3 domains of the central
TIP49b protomer that further stabilize this structure (Figure 7B).
These contacts involve residues 209–223 located within the
OB-fold and the D3 region containing the negatively charged
EEEDVD stretch of TIP49b (residues 376–381). Such rearrange-
ments may be important for in vivo functions of TIP49 proteins:1328 Structure 20, 1321–1331, August 8, 2012 ª2012 Elsevier Ltd AlS220 of TIP49b (S223 for lik-TIP49b), which acts as a key residue
for these interactions (Figures 7B and 7C), was identified as part
of the consensus SQ/TQ sites that are recognized by ATM and
ATR kinases in response to DNA damage (Matsuoka et al.,
2007). Accordingly, its phosphorylation will drastically change
the charge of the loop and preclude D2/D3 interactions
described above, which are likely important for the downregula-
tion of TIP49 ATPase activity by the OB-folds (Gorynia et al.,
2011; Matias et al., 2006). These observations highlight the func-
tional importance of the OB-fold, whose contributions cannot be
assessed from the crystal structures of truncated proteins.
ATP-Binding Pocket Dynamics in Homo- and
Heterohexamers
Results shown above highlight the profound effects of
substituting TIP49a/TIP49a or TIP49b/TIP49b interfaces in ho-
mohexamers with TIP49a/TIP49b or TIP49b/TIP49a interfaces
formed in heterohexamers. Because these are expected to
impact ATP hydrolysis, we performed additional MD simulations
of TIP49 heterohexamers lacking the OB-fold. Table S2 shows
the statistical analysis of solvent-accessible surfaces for TIP49
ATP-binding pockets in the different complexes studied in our
30 ns MD simulations. One important observation is that the
ATP-binding pocket of TIP49a is less accessible than that of
TIP49b. However, TIP49 proteins are very weak ATPases (Gri-
bun et al., 2008; Papin et al., 2010; Puri et al., 2007), and differ-
ences in ATP activity between TIP49a and TIP49b are very small
(Gorynia et al., 2011; Gribun et al., 2008; Papin et al., 2010; Puri
et al., 2007; Rottbauer et al., 2002). MD simulations showed that
changes in ATP-binding pocket accessibility in wild-type TIP49a
and TIP49b as well as in their mixed hexameric-ring complexes
were rather small but in general agreement with available
experimental data. For example a 3-fold increase in the rate of
ATP hydrolysis was observed for TIP49a/TIP49b complexes
deleted of their OB-folds, as compared with full-length hetero-
hexameric TIP49 proteins (Gorynia et al., 2011; Niewiarowski
et al., 2010; Puri et al., 2007). This correlates with an increase
in ATP-binding pocket accessibility observed in MD simulations
for mixed hexameric complexes of truncated TIP49a/TIP49b
proteins (Table S2), in agreement with the increased ATPase
activity of heterohexamers and dodecamers (Gorynia et al.,
2011; Gribun et al., 2008; Puri et al., 2007).
By analogy to E1 and RuvB hexamers (Enemark and Joshua-
Tor, 2006; Putnam et al., 2001), PDB 2GXA and 1IN4, respec-
tively, R357 was proposed to contribute to the active site of
TIP49a (R353 of TIP49b) as an R finger from a neighboring
subunit (Matias et al., 2006). In regularized TIP49a and TIP49b
structures modeled with ATP, Mg2+ and water molecules in
both homo- and heterohexameric assemblies, the distance
between the g-phosphate group of ATP and polar hydrogens
of R357 (TIP49a) or R353 (TIP49b) ranges from 6.3 to 7.0 A˚,
respectively (Figure S6). During MD simulations these arginines
do not move toward ATP because of H-bond formation with
D353 (TIP49a) or D349 (TIP49b) within the same protomer.
Accordingly, while the hypothesis that arginines 357 and 353
of TIP49a and TIP49b proteins function as trans-acting
R fingers is attractive, our MD simulations rule this possibility
out within TIP49 hexamers. Instead, the side chain of R404
(TIP49a), which lies much closer to ADP, protrudes across thel rights reserved
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Large-Scale Domain Dynamics of TIP49 Proteinsentrance, thus trapping ADP within the binding pocket (Matias
et al., 2006). In our MD simulations, R404 of TIP49a and R400
of TIP49b are found in direct contact with the b- or g-phosphates
of ATP and might act as R fingers, but in cis. Alternatively, argi-
nines 404 and 400may also be important for opening and closing
the entrance of the ATP-binding pocket, allowing phosphate
release for example and, thus, acting as R valves (Movie S8).
DISCUSSION
Our combined approach using homology modeling, the crystal
structure of an OB-fold deletion mutant of Tip49b (Tip49b2),
and the published NMR structure of this missing domain has
produced a coherent framework for understanding the rules
that govern the dynamic properties of the essential TIP49
proteins and of the oligomeric assemblies in which they partici-
pate. The hexameric crystal structure of TIP49bd2 not only
confirms the validity of the molecular models used in our study
but also provides additional information regarding the nature
of the TIP49b/TIP49b interface at the atomic level. Because
TIP49a and TIP49b proteins share only 42% identity at the
sequence level, a direct extrapolation from the reported TIP49a
and TIP49b homopolymeric complexes would have necessarily
rested on unreliable assumptions.
Using MD simulations, we have also analyzed the key
principles that govern the conformational flexibility and domain
dynamics of these two AAA+ ATPases, in mono- and hexameric
assemblies. The high degree of correlation between our all-atom
models and the Tip49bd2 X-ray structure strongly supports our
results. A few differences can be observed between the crystal
structure and our all-atom models but tend to be relatively minor
and might be attributed to the crystallization of a truncated
TIP49b protein that lacks the OB-fold domain involved in large-
scale domain flexibility.
In both proteins, independent of their oligomeric state, the
D2 domain is intrinsically flexible. Its main movements consist
of the unconstrained rotation of the OB-fold and the large-
amplitude mobility of the second unstructured loop, L2, which
shows correlated flexibility and moves as a rigid body. Our study
also highlights the enhanced mobility of the distal C-terminal
a helices belonging to the D3 domain. The core AAA+ (D1)
domain appears to be the most stable and retains its overall
structure up to 100 ns of MD time. The intramolecular interface
formed by the D1 and D3 domains, forming the ATP binding
and hydrolysis pocket, also appears to be stable and is further
stabilized by the presence of neighboring subunits in the hex-
amer, resulting in complete closure of the ATP-binding pocket.
Indeed, ADP trapping most probably renders ADP-bound
TIP49 hexamers inactive molecular assemblies for ATP turnover
(Matias et al., 2006; Papin et al., 2010; Puri et al., 2007). Hence,
hexamerization of TIP49 proteins might constitute a mechanism
for downregulation of ATP hydrolysis, fully consistent with the re-
ported low ATPase activity of TIP49b hexamers relative to puri-
fied monomers (Elkaim et al., 2012; Papin et al., 2010). However,
these data have to be reconciled with the reported failure of
TIP49amonomers to form hexamers in the presence of ATP (Nie-
wiarowski et al., 2010; Puri et al., 2007).
The embryonic lethal lik-TIP49b mutation described in zebra-
fish provides an important link to possible mechanisms thatStructure 20, 1321regulate ATP turnover by TIP49 proteins. Caused by the insertion
of three aa residues (FCR) in the OB-fold of TIP49b, lik results in
a gain-of-function phenotype in terms of ATP hydrolysis that
somehow leads to cardiac hyperplasia and heart failure. The
enhanced ATPase activity of lik-TIP49b-containing complexes
was found to be DNA independent, suggesting that OB-fold
structural alterations may also affect the DNA-binding properties
of the mutant (Rottbauer et al., 2002).
The D3 a helices of lik-TIP49b involved in D1/D3 interface
formation show a significant increase in flexibility compared to
wild-type TIP49b. This results in the expansion of the ATP-
binding pocket, providing a structural basis for the enhanced
ATPase activity of lik-TIP49b, whose ATP hydrolysis rate is
approximately 3-fold higher compared to wild-type TIP49b
(Rottbauer et al., 2002). MD simulations also show that the
FCR insertion alters the structural and dynamic properties of
the D2 domain. Unconstrained OB-fold rotation, which may be
an important feature of TIP49 proteins, and L2 mobility appear
to be independent from each other in both the mono- and hex-
americ assemblies. In lik-TIP49b, however, OB-fold movements
are altered because of the displacement of its major structural
element, the a helix formed by residues 176–184. This provokes
a rapid collapse of L2 onto the OB-fold, the resulting conforma-
tional reorganizations changing the positions of the positively
charged surface-exposed K177 and K184 residues, which might
additionally affect the DNA-binding properties of lik-TIP49b.
Finally, in the hexameric assemblies the FCR-containing OB-
folds show a trend for interactions between adjacent subunits,
suggesting that within these oligomers the lik mutation will also
serve to downregulate the DNA-binding properties of TIP49b.
Because the OB-fold of TIP49a and TIP49b is also important
for binding to c-Myc (Wood et al., 2000), it is likely that this
domain plays crucial roles in a variety of molecular functions
such as DNA and protein binding, inter- and intramolecular
conformational reorganizations, and remote effects on the prop-
erties of the ATP-binding and hydrolysis pocket.
MD simulations of TIP49a/TIP49b heterohexamers show
important features of the all-atom assemblies. The long extreme
C-terminal a helix of TIP49b can stably interact with its counter-
part in the adjacent TIP49a protomer, whereas the analogous
a helix in TIP49a is found in close contact with L365 and Y366.
These residues are likely to act as a hinge that controls the rota-
tion of D3 and opening of the ATP-binding site of the neighboring
protomer. In the TIP49a/TIP49b heterohexamers the OB-folds
are unexpectedly reorganized in a lik-TIP49b-like conformation
on the ABA side of hexamers, compared to the BAB side.
This similarity between lik-TIP49b and TIP49a/TIP49b hetero-
hexamers suggests a rational basis for the enhanced ATPase
activity reported for the latter species. Taken together with our
data for lik-TIP49b, these interprotomer OB-fold-mediated rear-
rangements within heterohexamers highlight the importance of
another region of the TIP49 proteins: the loop spanning residues
382–383 (TIP49a) and 380–381 (TIP49b) located within the D3
domain, which may also act as a hinge in D3 domain dynamics.
We also note that in some cases the D2 domains can mediate
interprotein interactions between two homohexameric TIP49a
and TIP49b rings, leading to the formation of dodecameric tail-
to-tail TIP49a/TIP49b structures (Torreira et al., 2008). Although
it would be important to perform MD simulations on these–1331, August 8, 2012 ª2012 Elsevier Ltd All rights reserved 1329
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Large-Scale Domain Dynamics of TIP49 Proteinsstructures, in which reducedD2 domainmobility in solution is ex-
pected to affect ATP-binding pocket dynamics, the absence of
experimental data describing specific domain-domain interac-
tions that are involved in the formation of such structures renders
this task unrealistic.
Building all-atommodels of TIP49 proteins and performingMD
simulations on monomeric and hexameric forms, we provide a
structural basis for their properties and regulation thereof. The
large-scale domain flexibility we demonstrate exerts profound
effects on the overall conformation of TIP49 oligomeric assem-
blies. Accordingly, we expect that similar principles will apply
to the formation of multiprotein complexes in which TIP49
proteins have been found (see Grigoletto et al., 2011; Huen
et al., 2010), where available protein/protein interaction inter-
faces should be subject to the same constraints. The resulting
flexibility maps we provide should serve as a useful tool for the
rational design of mutants and the prediction of the biological
consequences of posttranslational modifications of the TIP49
proteins that play an essential role in many different aspects
of nucleic acid and chromatin dynamics (Kim et al., 2007; Lee
et al., 2010, 2011;Matsuoka et al., 2007). These extend to cancer
pathologies in which TIP49 proteins have been implicated
(Huber et al., 2008; Li et al., 2010) but for which mechanistic
insights are still lacking (Grigoletto et al., 2011). We expect that
such approaches will provide valuable information applicable
to other biological systems in which physiological effects are
largely mediated by changes in large-scale protein-domain
movements.EXPERIMENTAL PROCEDURES
TIP49b Protein Purification
Tip49bd2was cloned, overexpressed, and purified as described in Niewiarow-
ski et al. (2010).
Crystallization and Structure Determination
A TIP49b deletion mutation lacking residues 131–241 TIP49bd2 at a concen-
tration of 10mg/ml was incubated with 5mMADP (final concentration) for 2 hr,
and the complex was used to set up several crystallization trials using
commercial screens. The best crystals grew in approximately 2 days in a solu-
tion containing 0.1 M Tris-HCl (pH 8.0), 20% PEG 3000, and 5% glucose,
galactose, or trehalose. These diffracted maximally to 7.5 A˚. However, the
diffraction quality was significantly improved by dehydration using a barium
chloride solution at 90% saturation prior to cryoprotection in 25% glycerol
and flash cooling to 100 K. Data were subsequently collected at the ESRF
(beamline ID-23), integrated, and scaled using XDS (Kabsch, 2010b) and
XSCALE (Kabsch, 2010a), respectively. Attempts to correctly place individual
molecules using a variety of Molecular Replacement packages and the avail-
able TIP49a protein coordinates for the monomer (accession code 2C9O) as
a search model proved unsuccessful. However, the hexamer generated using
crystallographic symmetry yielded two distinct solutions in Phaser (McCoy
et al., 2007), confirming the presence of two hexamers in the asymmetric
unit. Initial inspection revealed that the hexameric rings were only partially
overlapping over a relatively small contact area involving the C-terminal faces
of each hexamer. This arrangement is most likely to be a consequence of
crystal packing. The resultant dodecamer was initially refined using PHENIX
(Adams et al., 2010) following cycles of manual rebuilding in Coot (Emsley
et al., 2010) and AUTOBUSTER (Bricogne et al., 2011; O.S. Smart et al.,
2008, Am. Crystallogr. Assoc., abstract), where TLS refinement was also incor-
porated along with the use of automatically generated NCS restraints. The
data collection and refinement statistics are shown in Table 1. Values for Rwork
and Rfree are higher than would normally be expected for a similar structure
refined at this resolution using the combination of PHENIX/AUTOBUSTER.1330 Structure 20, 1321–1331, August 8, 2012 ª2012 Elsevier Ltd AlThis can be attributed to some of the TIP49bd2 subunits having a number of
highly disordered regions. All other refinement parameters, however, are
well within the expected ranges. Modeling and MD simulations were per-
formed as described in Supplemental Experimental Procedures.
ACCESSION NUMBERS
Coordinates and structure factors for the TIP49bd2 dodecamer have been
deposited in the PDB under the accession code 3UK6.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, two tables, eight movies,
Supplemental Experimental Procedures, and Supplemental References and
can be found with this article online at http://dx.doi.org/10.1016/j.str.2012.
05.012.
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